Skin is an essential barrier in maintaining a stable internal environment. Adequate regenerative capacity is crucial to overcome the homeostatic challenges caused by a septic insult. In sepsis, coagulation and inflammation are activated to restore homeostasis, but it is not known whether sepsis also alters tissue regeneration processes such as skin collagen synthesis. METHODS: In this prospective observational study, we measured aminoterminal propeptides of collagens I and III (PINP, PIIINP) from blister fluid of sepsis patients. Blister fluid was obtained from experimental blisters induced on intact abdominal skin 4 times: within the first 48 hours from the first organ failure, on the fifth day, and at 3 and 6 months thereafter. Forty-four patients with severe sepsis were enrolled. The median age was 63 years (25th-75th percentile, 53-71 years). The median Acute Physiology and Chronic Health Evaluation II score on admission was 26 (22-30). Thirty-day mortality was 25%. Fifteen healthy adults were used as controls. , P Ͻ 0.001, respectively). The survivors revealed an overexpression at 3 months, whereas normal values of PIIINP and PINP were reestablished at 6 months. CONCLUSIONS: Skin collagen synthesis is depressed during severe sepsis and is followed by a compensatory response 3 and 6 months after the onset of sepsis.
C ollagen synthesis is crucial to human homeostasis: it is needed to maintain tissue integrity in a stable state and it is necessary for recovery from tissue injury. Sepsis diminishes induction of collagen synthesis in tissue repair, but it is not known whether sepsis has an effect on baseline collagen synthesis in uninjured tissues. [1] [2] [3] There are several common features in the host response to sepsis and events leading to tissue regeneration after tissue injury. For instance, sepsis activates the endothelium and coagulation cascades in the same manner as tissue injury, although systemically, and recruits inflammatory cells. 4 -6 Hence, it is of interest whether sepsis also affects tissue regeneration processes such as skin collagen synthesis.
Sepsis has been related to poor healing response. 1, 7 In intact skin, altered skin collagen synthesis could lead to disruptions in tissue homeostasis and structure. This could, for example, offer one explanation for the higher susceptibility to pressure ulcers observed in intensive care settings. 8 Although pressure ulcer studies in the septic subpopulation are lacking, infection, severity of illness, and hemodynamic instability along with other organ failures are associated with pressure ulcer occurrence. 9 Furthermore, in a chronic sepsis model in rats, the breaking strength and collagen synthesis of incisional wounds were decreased. 10 In another animal model, the wounds of septic mice had diminished collagen content and wound reepithelialization was inhibited. 11 Hydroxyproline assays have shown that when using subcutaneous tubes, collagen synthesis is reduced in major trauma patients. 2 The inappropriately severe systemic inflammation in sepsis is suggested to disturb wound healing. 12 Proinflammatory cytokines, which mediate systemic inflammation in sepsis, including tumor necrosis factor (TNF) and interleukin-1, have an important role in regulating collagen metabolism in fibroblasts in uninjured tissues and normally healing wounds. 13, 14 Transforming growth factor (TGF)-␤, released from macrophages and other activated cells, including platelets, endothelial cells, and keratinocytes, is the key regulator of collagen synthesis. 15 In addition to the cytokine burst, there are other factors, related to sepsis pathogenesis, that can affect collagen synthesis. Previous studies have shown that hypoxia is a collagen synthesisinducing factor and lactate concentration is associated with collagen deposition. 16 Lactate levels frequently increase in sepsis and are due to hypoxia, mitochondrial malfunction, and/or decreased elimination. 17 Skin collagen synthesis in severe sepsis has not been studied in humans. We have previously shown that in patients with a prolonged period of severe sepsis, wound epithelial restoration is disturbed and local inflammatory response is diminished. 18 Baseline skin collagen synthesis of uninjured skin can be measured noninvasively by using the suction blister method. 19 Prolonged suction of the skin leads to a disruption of the dermoepidermal junction. The suction blister fluid resembles interstitial fluid, and most skin collagens are produced locally. 19, 20 We hypothesized that skin collagen synthesis may be diminished in severe sepsis. Furthermore, we studied the recovery pattern of local collagen synthesis 3 and 6 months from the septic episode.
METHODS Patients
In this prospective observational study, all patients admitted to the 12-bed mixed-type adult intensive care unit (ICU) in an academic tertiary referral hospital as a result of sepsis from May 2005 to December 2006 were screened for eligibility for the study. The study protocol was approved by the hospital's ethics committee and all patients or their next of kin gave written consent for the study. This is a part of a larger study of septic patients. The patients were treated according to the normal ICU protocol and severe sepsis guidelines, 21 including steroid supplementation in septic shock refractory to vasopressor therapy. Severe sepsis and septic shock were defined according the American College of Chest Physicians/Society of Critical Care Medicine criteria. 6 Exclusion criteria included age younger than 18 years, bleeding disorder, immunosuppressant therapy, surgery not related to sepsis, surgery during the preceding 6 months, malignancy, chronic hepatic failure, chronic renal failure, and steroid therapy not related to sepsis. The patients entered the study within 48 hours after the first organ dysfunction criteria of severe sepsis were met. Fifteen healthy age-matched volunteers (7 men, 8 women) were used as controls.
Clinical Data
The following information was collected from all study patients: age, sex, presence of underlying chronic diseases, type of ICU admission (medical or surgical), reason for ICU admission, focus of infection, severity of underlying diseases on admission as assessed by the Acute Physiology and Chronic Health Evaluation II (APACHE II), evolution of daily organ dysfunction assessed by daily sequential organ failure assessment (SOFA) scores, 22, 23 and daily lactate concentration in arterial blood. Multiple organ dysfunction syndrome (MODS) was defined as a SOFA score of 1 to 2 in 2 or more organ systems on at least 1 day. Furthermore, multiple organ failure (MOF) was defined as a SOFA score of 3 to 4 in 2 or more organ systems on at least 1 day. The length of the ICU and hospital stays as well as the ICU, hospital, and 30-day mortalities were recorded.
Suction Blisters
We used the suction blister model described by Kiistala. 24 The first set of suction blisters was induced within 48 hours from the first organ failure (early blisters) and the second set on the fifth day after study entry (late blisters). The blisters were induced on intact abdominal skin using commercially available suction blister devices (Dermovac blistering device; Mucel Co., Nummela, Finland). The device is 50 mm in diameter and contains 5 pores of 6-mm diameter to which the suction is conducted. With prolonged suction, 5 blisters 6 mm in diameter are formed. Instantly after the blisters were fully developed, the blister fluid was collected with an 18-gauge needle and syringe. In survivors, suction blisters were also induced 3 and 6 months after study entry. One set of suction blisters was made on the control subjects. All blisters healed without complications.
Procollagen Propeptide Measurements
The blister fluids were stored at Ϫ70°C until analysis. The aminoterminal propeptides of collagens I and III (PINP, PIIINP) concentrations were measured using radioimmunological assays (Orion Diagnostica, Espoo, Finland).
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Measurement of the Overall Protein Concentration in Suction Blister Fluid
Protein concentration of the blister fluid was measured using a colorimetric DC Protein Assay (Bio-Rad Laboratories, Hercules, CA). The absorbance was measured using a wavelength of 650 nm.
Measurement of the Lactate Concentration
The lactate concentrations were obtained by using an amperometric lactate biosensor (Rapidlab 865; Siemens Healthcare Diagnostics, Deerfield, IL). Arterial blood was collected to heparin balanced 3-mL syringes (Rapidlyte; Siemens Healthcare Diagnostics) and analyzed instantly after sampling or cooled to 5°C until analysis (at most within 30 minutes from sampling). The analyses were done at 37°C.
Statistical Analysis
The data were analyzed with SPSS (version 15.0; SPSS, Inc., Chicago, IL). Unless otherwise stated, summary statistics are expressed as medians with 25th to 75th percentiles. Categorical variables were analyzed using Pearson 2 test or Fisher exact test. Analyses between groups were done with the Mann-Whitney test. The Wilcoxon signed-rank test was used to analyze the differences between the different times of measurements. The PIIINP and PINP levels of the blister fluid of septic patients were compared with control values at the different measuring points. The values of the septic patients in the septic phase were also compared with the values at 3 and 6 months. Furthermore, the PIIINP and PINP values in the subgroups of patients that survived or died as well as MODS and MOF patients were compared. Surgery, gender, and corticosteroid treatment were addressed as confounding factors and their influence on the results was tested with linear regression and by cross-tabulating each organ severity and mortality. Pearson correlations were used to study the associations between variables. Two-tailed P values are reported, and differences were considered significant at P Ͻ 0.05.
RESULTS Patients
The inclusion criteria were met by 235 adult patients admitted to the ICU because of sepsis. Informed consent was obtained from 44 patients who were enrolled in the study (29 men, 15 women). The control group included 15 healthy volunteers (7 women and 8 men). The patient characteristics are presented in Table 1 and have been published earlier in detail. 26 The median age of the control subjects was 60 years (25th-75th percentile, 56 -68 years).
The most common infection focus in the surgical patients was intraabdominal (14 of 25), whereas the medical patients had a majority of their infections in the lungs (13 of 19) . MOF developed in 68% of the patients. The 30-day mortality rate was 25%. A majority of the patients (73%) received hydrocortisone treatment for septic shock refractory to noradrenalin.
Overall Protein Concentration in Suction Blister Fluid
The median protein concentration of the control subjects was 20.5 mg/mL (25th-75th percentile, 14.9 -23.0 mg/mL). In patients, the median values were lower than in control subjects in the fluid collected instantly after blister induction on the first and fifth day (10.3 mg/mL [7.7-12. 3 mg/mL], P Ͻ 0.001 and 11.5 mg/mL [7.0 -12.9 mg/mL], P Ͻ 0.001, respectively). At 3 and 6 months, however, no significant difference was observed in comparison with the controls (23.9 mg/mL [18.1-26.6 mg/mL], P ϭ 0.216 and 23.7 mg/mL [16.9 -28.5 mg/mL], P ϭ 0.81, respectively). From day 1 to day 5, no significant increase in protein concentration was seen (P ϭ 0.658), whereas from day 1 and from day 5 to 3 months, the increase was obvious (P ϭ 0.005, P ϭ 0.015, respectively). The same was observed in comparison with the values at days 1 and 5 to 6 months (P ϭ 0.001 for both) (Fig. 1) .
Procollagen Propeptides in the Suction Blister Fluid: Sepsis Versus Controls
The PIIINP and PINP concentrations of the controls (69. , P ϭ 0.001) were higher than those in the early blisters (P ϭ 0.001 for both) and the late blisters (P ϭ 0.004 for both). Compared with the control values, the increase of PIIINP and PINP concentrations at 3 months differed significantly (P ϭ 0.007 and P ϭ 0.013, respectively), whereas the values at 6 months did not (P ϭ 0.191 and P ϭ 0.520, respectively) (Fig. 2) .
The corresponding values were also calculated per protein because the increase in endothelial permeability in sepsis may affect the fluid volumes. 
Levels According to Outcome and Severity of Illness
The PIIINP and PINP levels of survivors and nonsurvivors did not differ significantly in the early blister (38. g/L], P ϭ 0.16) (Fig. 3) . In the late blisters, however, nonsurvivors had significantly higher levels of PIIINP There was no significant difference in PIIINP and PINP levels in blister fluid between the patients who had MOF compared with those who had MODS during the whole study period (Fig. 4) . Surgery, corticosteroid treatment, and sex were considered confounding factors, and these did not significantly affect the results (data not shown).
Correlations
There was a positive correlation between maximum lactate concentration and PIIINP concentration in the late blister fluid (P ϭ 0.035). There were no correlations between procollagen propeptide levels in the blister fluid and maximum SOFA and organ-specific maximum SOFA scores. The PIIINP concentration on the fifth day of study correlated positively with the APACHE II score on admission (P ϭ 0.046). After 6 months from the septic period, however, a negative correlation was found between PINP and PIIINP concentrations and the APACHE II score on admission (P ϭ 0.01 and P ϭ 0.04).
DISCUSSION
In this prospective observational study, skin procollagen propeptide concentration was found to be decreased in patients with severe sepsis during the first 5 days of study. Interestingly, in the late blisters, the nonsurvivors had higher levels of PIIINP than the survivors and the PIIINP levels correlated positively with maximum lactate levels. After 3 months, the PIIINP and PINP levels were higher than in the healthy controls and were 2-fold compared with the concentrations in the early blisters. Furthermore, the negative correlation between the PINP and PIIINP values at 6 months and APACHE II score on admission implies that the restoration of collagen levels was more sufficient in patients with less-severe disease on admission.
Our main hypothesis was that the baseline collagen synthesis is low in skin in severe sepsis. Because in this study setting the blister fluid was collected immediately after blister induction, the levels of PINP and PIIINP reflect the level of local ongoing collagen synthesis of skin and not the collagen synthesis induced by tissue damage. 19 The main finding in our study was that procollagen propeptide concentrations were low during the first 5 days of severe sepsis. Previously, local collagen synthesis related to critical illness has been studied in the lungs, intestines, and wounds. Both increased and decreased collagen synthesis have been reported. In the lungs, during acute respiratory distress syndrome, fibrosis has been shown to be overt and associated with compromised lung function and death. 27, 28 However, sepsis has impaired healing of colonic anastomosis in rats and this was associated with decreased collagen concentration. 1 In addition, in another rat colonic anastomosis study, it was shown that in endotoxemia, tissue from septic rats had less capacity to synthesize collagen than tissue from control rats 3 ; both type I and III collagen mRNA expression was decreased in endotoxemia. Taken together, our results and previous evidence show that it is possible that sepsis affects tissue healing in a different manner in different organs.
There are few studies on skin collagen synthesis in sepsis. In septic mice, decreased wound collagen was associated with delayed wound reepithelialization. 11 In patients with major trauma, hydroxyproline assays from implanted subcutaneous tubes have shown that collagen synthesis remote from the trauma is reduced. However, the implantation of a tube causes a healing response, so the study implicates that induction of collagen synthesis is decreased, not the baseline synthesis. In line with the findings of this study, a previous study has shown remarkably reduced baseline skin collagen synthesis in blister wounds remote to the wound during the first postoperative week after intraabdominal surgery. 29 Yet, in sepsis, baseline skin collagen synthesis has not been studied in humans. In our study, it was done by means of PINP and PIIINP assays from suction blister fluid. Adequate baseline collagen synthesis may have a role in maintaining homeostasis in sepsis by ensuring tissue integrity. 
Skin Collagen Synthesis in Patients with Severe Sepsis
Sepsis induces many factors that can alter connective tissue metabolism. Altered cytokine production affects hemodynamic, metabolic, and inflammatory homeostasis normally present in the skin and also changes baseline collagen synthesis. The host response to sepsis is individual and very complex, with a constantly changing cytokine profile. 30 Additionally, cytokines can have multiple functions, depending on their concentrations and interactions in the complex network of cells and mediators. For example, it has been shown that TNF-␣ in high concentrations inhibits collagen synthesis, but induces it at lower levels. 31 In a chronic rat sepsis model, TNF-binding protein improved incision wound healing. 10 To reveal causality between the changing cytokine profile and connective tissue metabolism in sepsis, more controlled follow-up studies need to be done.
The majority of our patients received corticosteroid therapy for septic shock. Corticosteroid treatment is considered one of the most potent ways to suppress skin collagen synthesis locally. 32, 33 In the study by Autio et al., 32 prednisone with daily doses of 0.48 mg/kg (corresponding 1.92 mg/kg hydrocortisone) diminished suction blister PIIINP and PINP levels to approximately 20% of the control values. In our study, the most frequently used dose was 100 mg hydrocortisone 3 times a day. However, we did not find any difference in local collagen synthesis between the patients who received low-dose systemic hydrocortisone treatment and those who did not (data not shown). Clinical evidence of adrenal insufficiency in sepsis is increasing. Schroeder et al. 34 have reported results implying that the basal plasma concentration of cortisol and the stimulating effect of corticosteroid-releasing hormone were decreased in nonsurvivors with severe sepsis. It is possible that low-dose cortisone supplementation therapy does not increase the corticosteroid effect above the normal physiologic level. Thus, the effect of supplementation on collagen synthesis is minimal and there was no difference between the groups.
Sepsis has been associated with a diminished response of skin microcirculation to vasodilators, 35 and diminished skin microcirculation due to leukocyte and endothelial interaction. 36 Hyperlactatemia is a common finding in sepsis, 17 but to what extent lactatemia is due to hypoxia, mitochondrial malfunction, or decreased elimination is debatable. In our study, the blister wound procollagen III aminoterminal propeptide levels in the late blister wound correlated positively with the maximum lactate level. Previous studies have shown that hypoxia is a collagen synthesis-inducing factor. 16 In accordance, Trabold et al. 37 showed that wound lactate concentrations accelerated collagen deposition with a significant increase of TGF-␤. It can be hypothesized that in most severely ill patients, accumulation of lactic acid and TGF-␤ could stimulate local collagen synthesis. Accordingly, in our study, nonsurvivors and the more severely ill had higher blister PIIINP levels. Also, PINP levels tended to be higher in nonsurvivors, but the difference was not statistically significant. PIIINP production was also more enhanced than that of PINP in our previous work; the PIIINP/PINP ratio is higher even in the serum of patients with severe sepsis compared with healthy controls and even higher in nonsurviving patients. 26 That the propeptides behave in different ways most likely reflects an ongoing healing response activated by the mediators released by the coagulation and inflammatory cascades in sepsis. For instance, in wound healing, the activation of collagen III production before collagen I is a known phenomenon; in granulation tissue, 30% of collagen is type III whereas in mature scar only 10%. 38 It seems most likely that the low procollagen propeptide concentrations we observed were attributable to decreased synthesis, but one must consider that enhanced vascular permeability in sepsis alters the composition of interstitial fluid. The collagens studied are produced locally and even in severe sepsis the skin procollagen propeptide concentrations are 2-to 4-fold higher than in serum. 19, 26 The leakage of fluid and, to a lesser extent, protein to the interstitial space may cause dilution of the procollagen propeptide concentration. Many cytokines, especially TNF-␣, can increase vascular permeability and alter the protein composition of interstitial fluid. 39 Accordingly, in our series, the total protein levels in the blisters were lower than in controls but returned to normal after recovery at 3 months. Because it is evident that the interstitial fluid is diluted in severe sepsis, we also calculated the procollagen propeptide levels per total protein concentration. Subsequently, the differences in procollagen propeptide levels between groups were attenuated. However, even when expressing procollagen propeptide levels per protein, the level of type I procollagen propeptides in early phases of sepsis is decreased compared with controls. Hence, in light of our results, it can be concluded that the low procollagen propeptide concentration is most likely attributable to decreased synthesis, but the effect of increased permeability must be considered. Whether the low concentration is due to diminished synthesis or dilution, it is evident that interstitial fluid composition is markedly altered and tissue regeneration and remodeling can be compromised because of low collagen concentration.
The main limitation of our study was that the blister wounds were induced without biochemical estimation of the level of inflammation. However, all the suction blisters were induced within 48 hours of the appearance of the first organ dysfunction. Furthermore, the sample size was small with high mortality decreasing the study population and thus the study remains descriptive.
In conclusion, collagen synthesis is decreased during severe sepsis in intact skin and is followed by a compensatory response, at least at 3 and 6 months. This compensatory response was higher in patients who had less-severe illness on admission. Nonsurvivors and more severely ill patients had higher PIIINP levels.
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